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amos, a Proneural Gene for
Drosophila Olfactory Sense Organs
that Is Regulated by lozenge
(internal stretch receptors) (Jan and Jan, 1993). Never-
theless, the initial steps appear similar to these other
sense organs. For each adult olfactory sensillum, a pre-
cursor cell is selected from the ectoderm of the early
pupal antennal imaginal disc. These cells, generally
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termed sense organ precursors (SOPs), express well-Edinburgh EH9 3JR
known neural precursor markers such as the A101 en-United Kingdom
hancer trap line, and they arise over an extended period
of time in the developing pupal antennal imaginal disc
(Reddy et al., 1997). Despite their resemblance to sen-Summary
sory bristles, the cells of an olfactory sensillum do not
appear to arise solely by division of the SOP (Ray andIn a variety of organisms, early neurogenesis requires
Rodrigues, 1995). Instead, the SOP (dubbed the founderthe function of basic-helix-loop-helix (bHLH) tran-
cell) apparently recruits surrounding ectodermal cells toscription factors. For the Drosophila PNS, such tran-
become the support cells that form the external sensil-scription factors are encoded by the proneural genes
lum structure (Reddy et al., 1997).(atonal and the achaete±scute complex, AS-C). We
Despite their importance, relatively little is knownhave identified a proneural gene, amos, that has strong
about the developmental genetics of olfactory SOP se-similarity with atonal in its bHLH domain. We present
lection. For other sense organs, SOP selection requiresevidence that amos is required for olfactory sensilla
the function of proneural genes (Campuzano and Modo-and is regulated by the prepattern gene lozenge. Be-
lell, 1992; Jarman and Jan, 1995), which encode tran-tween them, amos, atonal, and the AS-C can poten-
scription factors with a basic helix-loop-helix (bHLH)tially account for the origin of the entire PNS.
domain for dimerization and DNA binding. These pro-
teins bind to DNA as heterodimers with the ubiquitously
expressed bHLH product of the daughterless (da) geneIntroduction
(Cabrera and Alonso, 1991). Furthermore, this interac-
tion (and hence neurogenesis) is inhibited by negativeInsect behavior relies heavily on the sensation and inter-
regulators of the same protein family. Thus, extramac-pretation of olfactory stimuli (Siddiqi, 1987). In the Dro-
rochaetae (emc) encodes an HLH protein (lacking thesophila melanogaster larva, olfaction is thought to be
basic DNA-binding domain) that functions by sequester-mediated by a group of sense organs (sensilla) that form
ing proneural proteins in inactive heterodimers (Vanthe antenno-maxillary complex (Carlson, 1996). The
Doren et al., 1991; Cabrera et al., 1994). Characteristi-adult has two main sites of olfaction. Some 450 olfactory
cally, the transient expression of proneural genes in
sensilla are housed on the third antennal segment of
clusters of ectodermal cells (proneural clusters) marks
the adult fly (Figure 1A), while an additional 80 sensilla
these cells as having neural competence (Campuzano
cover the maxillary palp (Carlson, 1996). The function and Modolell, 1992). Only one or a few cells realize this
of the adult sensilla as olfactory receptors has been potential, and these (the SOPs) inhibit the competence
established electrophysiologically for a range of chemi- and proneural gene expression of the remaining cells via
cal stimuli (Siddiqi, 1987; Carlson, 1996). Moreover, they Notch signaling (lateral inhibition) (Ghysen et al., 1993).
have recently been shown to express a family of odorant There are two known types of proneural gene, and these
receptor proteins (Clyne et al., 1999). Furthermore, flies are required for separate subtypes of SOP. The achaete-
carrying mutations that affect the development of sub- scute complex genes (AS-C) are required for the SOPs
sets of olfactory sensilla have defective olfactory per- of external sense organs (including mechanosensory
ception (Riesgo-Escovar et al., 1997). Externally, each and gustatory bristles) (Campuzano and Modolell, 1992).
sensillum comprises a 4±20 mm cuticular protuberance atonal (ato) governs precursor selection for chordotonal
that has microscopic pores and grooves through which organs and R8 photoreceptors (Jarman et al., 1993,
it is presumed odours diffuse or are relayed to the inter- 1994, 1995).
nal sensory lymph (Riesgo-Escovar et al., 1997). Each Between them, the AS-C and ato account for SOP
is innervated by up to four bipolar sensory neurons so selection for much of the PNS, with some notable excep-
that the olfactory system comprises about one thousand tions. In each embryonic abdominal and thoracic hemi-
sensory neurons. The sensilla are classed in three main segment, two sensory neurons of unknown function are
morphological subtypes, termed sensilla basiconica, unaffected in AS-C and ato double mutants (the dbd
trichodea, and coeloconica (Figure 1B). and dmd neurons, Jan and Jan, 1993; Jarman et al.,
The development of olfactory sensilla is not as well 1993). Furthermore, much of the olfactory system devel-
characterized as it is for sense organs such as sensory ops independently of these genes. Perhaps surprisingly,
bristles (external sense organs) or chordotonal organs the adult olfactory SOPs are not specified by the AS-C
(Gupta and Rodrigues, 1997), confirming that these sen-
silla are distinct from external sense organs. Instead,* To whom correspondence should be addressed (e-mail: andrew.
some maxillary palp sensilla and the antennal sensillajarman@ed.ac.uk).
² These authors contributed equally to this work. coeloconica require ato (Gupta and Rodrigues, 1997).
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Figure 1. Olfactory Sensilla
(A) Wild-type antenna showing olfactory sen-
silla on third segment (III) and mechanosen-
sory bristles (external sense organs) on the
second (II). Three domains of olfactory sen-
silla are recognized that contain largely sen-
silla basiconica (B), sensilla trichodea (T), or
a mixture of all three sensillum types (M).
(B) Scanning electron micrograph (SEM) from
the ªMº domain, showing sensilla basiconica
(bs), trichodea (ts), and coeloconica (cs). Also
apparent are the noninnervated epidermal
hairs known as trichomes (t) or spinules.
(C and D) Amos has an Ato-like bHLH domain.
(C) Phylogenetic analysis of bHLH relation-
ships for Amos and selected proteins, com-
piled using ClustalX. Bootstraps values for
1000 runs are indicated.
(D) Sequence comparisons of bHLH domains
from Amos and selected proteins. Dashes
represent identities, and dots represent gaps.
The extended loop sequences of Scute and
Asense have been removed for clarity. The
regions recognized by the degenerate prim-
ers are underlined. Consensus residues im-
portant for bHLH structure are shown above
the sequences.
None of these genes, however, are required for the sen- Results
silla basiconica and trichodea. Nevertheless, there is
good evidence that these sensilla require the activity Isolation of a Gene Containing an Ato-like bHLH
Coding Regionof an unidentified bHLH proneural gene(s). Gupta and
Rodrigues (1997) showed that misexpression of emc in bHLH-containing DNA fragments were isolated by PCR
amplification of Drosophila genomic DNA using degen-the pupal antennal disc causes a decrease in olfactory
sensilla of all types, suggestive of antagonism of a bHLH erate primers designed to the ends of the bHLH region
that are conserved between Ato and its closest verte-protein in addition to ato. Interestingly, basiconic and
trichoid sensillum formation requires the function of a brate homologs (Math1 and Math5) (Figure 1D). These
conserved peptides distinguish the Ato subfamily fromRunt domain transcription factor encoded by lozenge
(lz), with sensilla basiconica being completely absent in other bHLH proteins, including more divergent Ato-
related ones such as the NeuroD subfamily (Figure 1D).strong lz mutants (Stocker et al., 1993). A recent analysis
suggests that lz acts upstream of SOP formation but is When sequenced, the z130 bp PCR products proved
to be a mixture of three independent sequences. Thenot itself a proneural gene (Gupta et al., 1998).
Here, we describe the isolation and characterization bHLH domain of ato itself was amplified as expected,
but, in addition, two novel bHLH sequences were identi-of amos (absent md neurons and olfactory sensilla), a
bHLH gene related to ato. Its mRNA expression is highly fied that we name cousin of ato (cato) (S. E. G., N. M.
White, and A. P. J., submitted) and amos. Northern blotlocalized, being mostly restricted to regions in which
olfactory precursors arise in both embryo and imaginal analysis revealed a single amos embryonic transcript of
about 800 nucleotides. The longest cDNA clone isolateddiscs, as well as the putative precursor of the dbd neuron
in the embryo. We provide loss-of-function and gain- was 782 bp, which contained a 198-amino-acid open
reading frame (ORF) with the bHLH domain at the car-of-function evidence that amos is a proneural gene for
olfactory sensilla, most likely the sensilla basiconica and boxyl terminus. Sequencing of the corresponding geno-
mic DNA showed that amos contains no introns (Gen-trichodea. Moreover, amos is partly regulated by lz, and
this regulation can account for the effect of lz mutations Bank accession number AF166113). Further analysis of
sequence from a 170 kb BAC clone in which amos ison olfactory SOP formation.
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Figure 2. Expression of amos RNA
(A±C) Embryo.
(A) Wild-type, stage 10, showing expression
in antennomaxillary complex domains (AMC)
and a single cluster of z5 cells in each tho-
racic and abdominal segment.
(B) Wild-type, stage 11, abdominal expres-
sion is now refined to a single SOP; thoracic
and head expression have already ceased.
(C) Notch mutant, stage 11, showing contin-
ued expression in all cells of the abdominal
clusters.
(D±H) Wild-type pupal antennal discs.
(D) Puparium formation (PF). Expression be-
ginning in three semicircular bands on the
developing third segment.
(E) z4 hr APF.
(F) 15±16 hr APF. Expression is broader, and
the inner two bands appear to merge.
(G) 20±21 hr APF. Expression is patchy, and
bands are less apparent.
(H) Wild-type distal leg disc, 0±4 hr APF. Ex-
pression in two cells in the region fated to
give the tarsal claw.
(I and J) Lz expression strongly resembles
that of amos in the distal leg disc, 0±4 hr APF
(I), and antennal disc, PF (J).
located (Berkeley Drosophila Genome Project, unpub- AS-C, this restriction of amos expression suggests that
lateral inhibition functions within a proneural cluster de-lished; accession number AC007137) showed that amos
is the only bHLH-encoding gene in this region and there- fined by amos. Consistent with this, amos expression
fails to resolve to single cells in Notch mutant embryos,fore does not form a complex with other bHLH genes.
The predicted protein sequences of Amos and Ato which lack lateral inhibition (Figure 2C). Significant amos
expression was also observed in developing head seg-are 74% identical over the entire bHLH region and share
an identical basic domain except for an R to K conserva- ments (including antennal, mandibular, and labial seg-
ments) in areas that correspond to the anlage of thetive change (Figure 1D). This compares with z70% iden-
tity between bHLH domains of the AS-C and z40% olfactory sense organs of the larval antennomaxillary
complex (Figure 2A) (Campos-Ortega and Hartenstein,between Amos and Scute. Among bHLH proteins, Amos
forms part of the Ato subfamily, being most closely re- 1997). The expression pattern of amos thus makes this
gene a likely candidate for the AS-C- and ato-indepen-lated to Ato followed by Ato's closest vertebrate homo-
logs (Figure 1C). Interestingly, this suggests that an dent larval sense organs.
In addition to the above, amos mRNA was also tran-ato±amos gene duplication occurred after the invertebrate-
vertebrate split, so that vertebrate ato-like genes may siently detected at the cellular blastoderm stage of em-
bryogenesis in a dorsoventral band in the posterior ofexhibit functional similarity with either amos or ato. The
gene duplication is nevertheless an ancient event, be- the embryo (data not shown) and during oogenesis in
nurse cells, the centripetal follicle cells, and the oocytecause Ato and Amos share no similarity outside the
bHLH domains. itself (data not shown).
As might be expected from its sequence identity with
Ato, Amos has the conserved residues required for cor- In Imaginal Discs, amos Is Expressed in the Proneural
Domains of the Antennal Olfactory Sensillarect folding of the bHLH domain and interaction with
DNA (Ellenberger et al., 1994; Ma et al., 1994). Such amos expression is extremely restricted during adult
development. Very transient amos expression was de-conservation also leads us to predict that Amos func-
tions as a heterodimer with Da protein. Indeed, Amos tected in distal leg discs at approximately 0±4 hr after
puparium formation (APF), correlating with the anlagehas been shown to bind to DNA as a heterodimer with
Da in vitro (Huang et al., 2000 [this issue of Neuron]). of the innervated tarsal claw (Figure 2H). The main site
of expression initiates in the antennal disc at approxi-
mately puparium formation (PF) in three semicircularamos Has Proneural-like mRNA Expression
in the Embryo bands on the medial side of the developing third seg-
ment (Figures 2D±2F). These three bands correspondamos is expressed very transiently and dynamically dur-
ing embryogenesis (Figures 2A and 2B). amos mRNA is to sites from which olfactory sensillum precursors are
selected (Reddy et al., 1997). The two inner bands partlypresent in a small cluster of ectodermal cells in each
thoracic and abdominal segment during stage 10 (Figure coincide with ato expression in the antennal disc (data
not shown). The outer band (3) widens by 4±8 hr APF2A). Later, in stage 11, expression is restricted to a single
cell per segment (Figure 2B). This cell quickly ceases (Figure 2E) and persists until at least 21 hr APF, during
which time the two inner bands (1 and 2) appear to fuseto express amos, first in the thoracic segments and then
in the abdomen. As with SOP formation by ato and the to give a single inner region of expression (Figure 2F).
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Figure 3. Olfactory SOPs Arise from amos-Expressing Bands
(A±C) Antennal disc from A101 enhancer trap line (SOP marker), 4
hr APF. SOPs (marked by b-galactosidase expression [red]) appear
from the three bands of amos mRNA (green). Chordotonal SOPs
are also seen in the second segment.
(D) Schematic representation of the staining patterns. Note that
some SOPs do not show amos expression even though they are
closely associated with the expression domains. Either amos is
Figure 4. amos Interacts with da in Sensillum Basiconica Devel-
switched off rapidly after SOP formation or some olfactory SOPs
opment
never express amos.
Graph of sensillum numbers in flies with reduced gene dosages of
amos, ato, and/or da. da1/2 represents flies with one copy of the
da gene (Df(2R)daKX136/1); amos1/2 represents flies with one copy
Double labeling of antennal discs from the A101 en- of a deficiency that deletes amos and its surrounding genomic area
hancer-trap line, which marks all SOPs, showed that (Df(2L)M36-S5/1). Statistically similar figures were obtained for a
second amos-containing deficiency (Df(2L)M36-S6/1). ato1/2 repre-SOPs indeed arise from the amos-expressing ectoder-
sents flies heterozygous for the ato1 mutation. The mean 6 SEMmal bands (Figure 3). The expression pattern thus identi-
for six antennae were determined. Note that sensilla coeloconicafies amos as a candidate proneural gene for olfactory
numbers are rather variable, but the number is not significantly
sensilla. Furthermore, we can infer that amos may be reduced in amos1/2:da1/2 flies compared with amos1/2 or da1/2 flies.
required for any or all three types of olfactory sensillum.
Genetic Evidence for the Requirement of Amos/Da data are consistent with the function of Amos/Da hetero-
dimers during the formation of sensilla basiconica.Heterodimers in Olfactory SOP Formation
SOP formation is very sensitive to simultaneous reduc- Sensilla trichodea were also significantly reduced in
amos1/2:da1/2 flies, but we also observed a reductiontion in copy number of proneural genes and da, which
encodes their common heterodimer partner. For in- in amos1/2 flies compared with wild-type. Therefore, al-
though consistent with a requirement for amos in tricho-stance, simultaneously removing one copy of the AS-C
and da genes (i.e., transheterozygotes) results in adults dea formation, such a requirement seems to be less
sensitive to da gene dosage. Although sensillum coelo-with a proportion of missing sensory bristles (Dambly-
Chaudiere et al., 1988). Likewise, reducing the dosage conica numbers are rather variable (see also Gupta et
al., 1998), amos1/2:da1/2 flies have only slightly fewerof ato and da genes results in reduction in the number
of chordotonal organs (A. P. J., unpublished data) and sensilla coeloconica than flies with either mutation alone,
whereas there are significantly fewer in ato1/2:da1/2 fliessensilla coeloconica (Gupta and Rodrigues, 1997).
Although there is no specific mutation of amos, we as expected. In summary, these data support a role for
the chromosomal region containing amos in sensilluminvestigated lethal chromosomal deficiencies that de-
lete amos (Df(2L)M36F-S5 and Df(2L)M36F-S6) for ge- basiconica formation and are suggestive of a role during
sensillum trichodea development.netic interaction with da. Olfactory sensillum numbers
were analyzed in flies heterozygous for an amos defi-
ciency either alone or in combination with the loss of Misexpression of amos Increases Olfactory
Sensillum Numbers on the Antennaone copy of da (Df(2R)daKX136/1). In flies with a single
copy of each gene (abbreviated as amos1/2:da1/2), the One shared characteristic of proneural genes is that
ectopic expression leads to ectopic sense organ forma-number of sensilla basiconica were significantly re-
duced (by 30%) compared with wild-type, amos1/2, tion, which is consistent with their neural competence
function. Moreover, specific subtypes of ectopic organda1/2, or ato1/2:da1/2 flies (Figure 4). This genetic interac-
tion suggests functional cooperation between da and a are yielded, demonstrating that different proneural
genes regulate distinct neuronal subtype propertiesbHLH gene in the amos genomic region. Given that amos
is the only bHLH-encoding gene in this region, these (Jarman et al., 1993, 1995; Jarman and Ahmed, 1998).
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When AS-C genes are overexpressed, they each give
a similar phenotype of ectopic external sense organs
(RodrõÂguez et al., 1990; Brand et al., 1993; Hinz et al.,
1994). Misexpression of ato results largely in the forma-
tion of ectopic chordotonal organs (Jarman et al., 1993)
and sensilla coeloconica (Gupta and Rodrigues, 1997).
We carried out Gal4/UAS misexpression experiments to
determine whether amos can function as a proneural
gene and assess its subtype-determining properties.
Using Gal4OK384 to drive expression in the larval eye-
antennal disc, misexpression of UAS-ato causes in-
creased formation of sensilla coeloconica (Gupta and
Rodrigues, 1997). Upon misexpression of UAS-amos, we
observed a dramatic increase in olfactory sensilla (Fig-
ures 5A and 5B). The antenna itself was bloated, perhaps
a secondary effect of housing more sensilla. Accurate
counting of sensilla was difficult because of the antennal
morphology and uncertainty in assigning sensilla to spe-
cific classes. Nevertheless, sensillum counts suggested
that there was an increase of 24%±44% for all sensillum
types. Thus, unlike ato, amos seems capable of directing
formation of sensilla basiconica and trichodea. In addi-
tion, extra sensillum coeloconica formation may result
from an ability of amos to substitute functionally for
(mimic) ato (see below). Interestingly, a proportion of
sensilla appeared to be of intermediate basiconica/
trichodea morphology (Figure 5C). This has also been
reported as an effect of lz misexpression (Gupta et al.,
1998).
Outside the Antenna, amos Misexpression Mimics
ato and Also Promotes Ectopic
Olfactory-like Sensilla
The subtypes of ectopic sense organ produced by mis-
expression of ato are dependent on the tissue. Thus,
it directs sensilla coeloconica formation on the third
antennal segment but chordotonal formation in most
other sites. To see how amos function might be modu-
lated outside the antenna, we induced amos expression
in many proneural clusters in all imaginal discs using
Gal109-68 (Jarman and Ahmed, 1998). With this driver,
UAS-amos misexpression resulted in a mixture of ec-
topic sense organs (Figures 5E±5M). Part of this pheno-
type resembles that obtained from ato misexpression
(Jarman and Ahmed, 1998). First, ectopic chordotonal
organs are formed in the scutellum and third wing vein
(Figure 5E). In the scutellum, these were similar in num-
Figure 5. amos Misexpression Results in Increased Olfactory Sen-
ber to that induced by strong ato misexpression, al-sillum Formation
though much more disorganized (UAS-amos: 69 6 13,(A) Wild-type antenna.
n 5 4, UAS-ato: 70.3 6 10.3 [Jarman and Ahmed, 1998]).(B) Gal4OK384/UAS-amos, showing antenna bloated with a large ex-
Therefore, amos can indeed mimic ato outside its normalcess of olfactory sensilla. Occasional sensory bristles are also
formed (arrow).
(C) Closeup of Gal4OK384/UAS-amos antenna, showing apparent hy-
brid trichoid/basiconic sensilla (t/b) that are shaped like basiconica
(b) but more pigmented like trichodea (t). (G) Wild-type microchaeta (external sense organ).
(D) hsGal4/UAS-amos, first and second antennal segments (third (H) UAS-amos microchaeta transformed to resemble an olfactory
segment is beyond bottom left of picture) showing large numbers sensillum.
of ectopic olfactory-like sensilla compared with (A) (arrows indicate (I) Wild-type sensillum campaniformia (external sense organ).
examples) as well as large dark bristles. (J and K) UAS-amos induced olfactory-like sensilla that closely re-
(E and F) Gal4109-68/UAS-amos wing, middle of the third wing vein. semble sensilla trichodea (Figure 1B).
(E) Scolopales of ectopic chordotonal organs are indicated (arrows). (L and M) UAS-amos: polyinnervation of transformed sensilla on the
This area normally contains no chordotonal organs. thorax. Dissected adult thoraces stained with neuronal antibodies
(F) Ectopic sensilla of olfactory-like morphology on the wing. mAb22C10 (L) or aHRP (M) showing doubled sensory neuron cell
(G±K) SEM of wild-type and amos-induced sensilla on thorax (G and bodies (arrows) innervating olfactory-like sensilla (arrowheads). In
H) and wing (I±K). the wild-type thorax, all bristles are innervated by a single neuron.
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developmental context, as suspected above. Second,
some extra external sense organs are formed, mostly
along the third wing vein (number of ectopic bristles:
4.8 6 1, n 5 5 compared with 5.4 6 0.7, n 5 5 for UAS-
ato). In the case of ato, such bristle formation has been
interpreted as an artefact resulting from incomplete sub-
type determination of ectopic SOPs under the condi-
tions of misexpression, external sense organ apparently
being a default fate for such SOPs (Jarman and Ahmed,
1998).
Strikingly, amos misexpression also produces a third
phenotype: on the thorax, head, and along the third wing
vein were unusual organs that appeared morphologi-
cally similar to olfactory sensilla, particularly sensilla
trichodea (Figures 5D, 5F, and 5I±5K). Although some
were difficult to assign to bristle or olfactory-like classes,
we estimated that 19.4 6 2.8 olfactory-like sensilla were
observed along the third wing vein (n 5 5). Moreover,
at high expression levels, some of the sensory bristles
on the thorax were transformed toward similar olfactory-
like morphology (16 6 3.3 [n 5 4] transformed bristles,
Figures 5G, 5H, and 5L). While wild-type thoracic bristles
are always innervated by a single sensory neuron, a Figure 6. amos Expression Is Regulated by lz
small proportion of these amos-converted sensilla were
Antennal discs 0±4 hr APF stained to detect amos RNA.
found to have two or more sensory neurons, a character- (A) ato1 mutant, showing no difference from wild-type (Figure 2).
istic of olfactory sensilla (Figures 5L and 5M). Thus, (B±E) amos expression is reduced in lz mutants.
amos can form olfactory-like sensilla outside its normal (B) lz3, showing loss of medial amos RNA from all three bands. The
remaining expression appears patchier.developmental context of the antenna. It also appears
(C) lz1, showing a similar effect, but with a small group of expressingable to impose olfactory sensillum fate on external sense
cells remaining in the medial band 3.organs in a manner similar to the chordotonal fate trans-
(D) lz34, at a slightly later stage, showing loss of medial expression.
formation imposed by ato (Jarman and Ahmed, 1998). (E) lzg, showing patchy expression.
The ability of amos to form nonantennal olfactory sen- (F±H) Imaginal discs from hs-lz pupae at 0±4 hr APF, showing that
silla is apparently not shared by ato, since strong ato amos expression is ectopically induced by ubiquitous lz expression.
(F) Antenna; amos expression is delocalized, but a ring-like patternmisexpression resulted in no or very few ectopic olfac-
can be discerned.tory-like sensilla (1.2 6 0.4 possible olfactory-like sen-
(G) Wing, showing widespread, patchy amos induction. No amossilla along the third wing vein [n 5 5]), and no olfactory-
expression is observed in the wild-type wing.
like transformation of thoracic bristles. (H) Leg (c/f Figure 2H).
amos Expression Is Regulated by lz
lz functions in eye, antennal, and tarsal claw develop- lz mutants. Conversely, lz-independent sensilla tricho-
dea may arise from the lz-independent tips of the amos-ment (Lindsley and Zimm, 1992). In leg and antennal
discs, the pattern of lz expression strongly resembles expressing bands. Topologically, SOPs from the band
tips will end up on the lateral edge of the antenna afterthat of amos (Figures 2I and 2J; Gupta et al., 1998),
although amos expression begins later than lz. These metamorphosis, which is where the sensilla trichodea
are concentrated (Figure 1A). Interestingly, comparisonobservations suggest that lz might regulate amos ex-
pression during the process leading to the formation of with the ato expression pattern suggests that amos is
also expressed in regions of sensillum coeloconica for-basiconic and trichoid SOPs in the antenna and perhaps
in the tarsal claw. Therefore, we looked for changes in mation in bands 1 and 2 (Gupta et al., 1998). Since
these SOPs are not lost in lz mutants, the loss of amosthe expression pattern of amos in lz mutants. Strong lz
alleles (including lz1, lz3, and lz34) almost completely lack expression from the middle of these regions provides
evidence that amos is not required at least for manysensilla basiconica and exhibit up to a 50% reduction
in sensilla trichodea (Stocker et al., 1993). The number sensilla coeloconica.
In weaker lz alleles (such as lzg), amos expressionof sensilla coeloconica is reported to be unaffected. In
these strong alleles, amos mRNA was absent from the appears patchy but spatially normal (Figure 6E), sug-
gesting that SOP selection itself is not strongly altered.middle of all three antennal bands (Figures 6B±6D). For
band 3, the affected region corresponds to the area This would be consistent with observation that the major
phenotype of weak lz alleles is one of subtype transfor-fated to form sensilla basiconica SOPs (Gupta et al.,
1998). The correlation between this loss of amos expres- mation from basiconic to trichoid fate rather than sensil-
lum loss. This is postulated to result from a role of lz insion and the loss of sensilla basiconica is therefore con-
sistent with a requirement for amos in sensillum basico- subtype specification, such that higher levels are re-
quired for SOPs to take on basiconic fate while lowernica formation. In addition, we may deduce that the
middle regions of the other two bands (2 and 1) give levels are sufficient for trichoid fate (Gupta et al., 1998).
We determined in a complementary experiment whetherrise to those sensilla trichodea that are missing in strong
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ectopic lz expression could induce ectopic amos ex-
pression. When ubiquitous lz expression was activated
in pupae containing a heatshock-inducible lz construct
(hs-lz) (Gupta et al., 1998), a strong expansion of amos
expression was observed in the antenna (Figure 6F). lz
misexpression also resulted in ectopic amos expression
in pupal wings and legs (Figures 6G and 6H). These
experiments show that lz is both necessary for much of
amos's expression pattern and also sufficient to drive
ectopic amos activation in many other locations.
To investigate further the relationship between lz and
amos, we determined whether amos gene dosage re-
duction would modify the number of sensilla formed in
lz mutants. In the intermediate allele, lzg, the number of
basiconica is reduced to 28% of wild-type (56.7 6 2.6
sensilla basiconica). Removing one copy of the chromo- Figure 7. Relationship of amos with lz
somal region containing amos results in a further 70% (A and B) amos misexpression can rescue a proportion of the sensilla
reduction in this number (17.0 6 3.1). The number of basiconica missing in lz mutants.
(A) Lateral region of antenna from lz3; hs-Gal4/UAS-amos fly, show-sensilla trichodea was unaltered, probably because
ing a number of sensilla basiconica (b). Normally, lz3 antennae havethese are not affected in this intermediate lz allele. To
no basiconica. Representative sensilla coeloconica (c) and tricho-gauge the effect on sensilla trichodea, we therefore ex-
dea (t) are also indicated.
amined amos's modification of a strong lz allele, lz3. In (B) Higher magnification view of one of the replaced sensilla ba-
addition to a total lack of sensilla basiconica, lz3 exhibits siconica.
a strong reduction of sensilla trichodea (78.8 6 3.5, 50% (C) Summary of genetic relationships in SOP formation. The three
types of Drosophila proneural gene are required for different sub-of wild-type). We found that, in the absence of one copy
types of sense organ. This specificity is contingent on develop-of amos, sensilla trichodea were reduced by a further
mental context such that a proneural gene can be responsible for54% in lz3 (36.3 6 1.3, therefore to 24% of wild-type).
different sense organs in different anatomical locations. Subtype
specificity may be achieved by the differential regulation of subtype
amos Misexpression Can Bypass the Requirement selector genes (such as cut) or cooperation with subtype selector
genes that are expressed in parallel to proneural genes (perhaps lzfor lz in Sensillum Basiconica Formation
or a lz-regulated gene).From the genetic and expression analyses, we conclude
that amos transcription is partly downstream of lz and
that its loss of expression may explain the loss of sensilla expression is not dependent on lz (Gupta et al., 1998),
basiconica and trichodea in lz mutants. We therefore and therefore by inference ato does not depend on amos
tested whether experimentally induced amos expres- at least in the medial antennal region. We conclude that
sion could rescue the loss of sensilla basiconica in the two olfactory proneural genes, ato and amos, are
strong lz mutants. Using hsGal4 as a driver, UAS-amos largely independent of each other. Furthermore, ato
was misexpressed in lz3 pupal antennae. Such misex- shows no interaction with lz. Thus, lz3; ato1/ato1 double
pression resulted in a significant recovery of sensilla mutants exhibited a complete absence of sensilla ba-
basiconica (36.2 6 8) when compared with lz3 alone siconica and coeloconica, as expected from the loss of
(0.33 6 0.33 sensilla basiconica) (Figures 7A and 7B). lz and ato functions, respectively. However, the number
This rescue is still far short of wild-type levels, perhaps of sensilla trichodea was not reduced below that ob-
because amos is not optimally expressed using hsGal4. served in lz3 mutant flies (data not shown). This suggests
Alternatively, lz might need to activate other genes re- that there is no redundancy between lz and ato in forma-
quired for basiconic fate in addition to amos (i.e., amos tion of the remaining sensilla trichodea, which are in-
alone cannot replace all the functions of lz). Significantly, stead likely to require the lz-independent part of amos's
ato was unable to direct any rescue under the same expression.
conditions (1.0 6 0.6 sensilla), even though the number
of sensilla coeloconica was increased (data not shown). Discussion
Therefore, amos, but not ato, can partially bypass the
requirement for lz. Interestingly, many of the rescued amos as a Proneural Gene
basiconica were located in the lateral region of the an- A combination of sequence, expression pattern, loss-
tenna (T domain; Figure 6A). Such a distribution was of-function, and gain-of-function data leads us to con-
also observed upon rescue of lz mutants by hs-lz (Gupta clude that amos is a bHLH proneural gene for a subset
et al., 1998). of olfactory sensilla. With the discovery of amos, the
origin of almost the entire larval and adult PNS can be
accounted for by amos, ato, and the AS-C. OlfactoryEvidence that amos and ato Are
Independently Regulated sensilla require two proneural genes of the ato-like sub-
family, amos and ato itself. These genes appear to haveSince the expression of ato overlaps with the inner two
bands of amos expression, it is possible that one gene complementary functions. While ato is required for sen-
silla coeloconica (Gupta and Rodrigues, 1997), our datamay be dependent on the other. However, we observed
no defect in amos expression in ato mutant antennal strongly suggest that amos can account for the forma-
tion of the sensilla basiconica and trichodea, althoughdiscs (Figure 6A). Furthermore, it was reported that ato
Neuron
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definitive evidence will require the isolation of specific lz is acting as a prepattern gene. That is, Lz does not
amos mutations. The evidence is clearest for sensilla function as a cell type-specific transcription factor itself,
basiconica in that a genetic interaction was detected but to set up the correct expression patterns of fate
between da and amos. Although the amos-containing determining factors. This function is closely analogous
deficiencies used in these experiments delete other to its function in eye development (Daga et al., 1996;
genes in addition to amos, the interaction with da Flores et al., 1998), where it is also expressed prior to
strongly implicates amos, since no other candidate fate determination and helps pattern the expression of
bHLH gene exists in the 170 kb region around amos. the fate-determining transcription factors BarHI, Sev-
For the sensilla trichodea, evidence from da interaction enup, and Prospero. It is clearly possible that amos is
is more equivocal, but a strong genetic interaction was a direct target gene of lz, but it is also interesting that
detected between amos and lz, a gene required for the the induction of amos by hs-lz is not ubiquitous. In the
formation of many sensilla trichodea. In contrast, sen- antenna, for instance, ubiquitous induction of lz leads
silla coeloconica do not appear to require amos. Nota- to amos activation in a pattern of rings, suggesting that
bly, amos expression is absent from regions of coelo- lz acts in concert with other prepatterning activities in
conic SOP formation in lz mutants. the antenna (Figure 6F). It is notable that the lz±amos
During embryogenesis, the expression pattern of regulatory link may also function during tarsal claw de-
amos also suggests a function in the development of velopment.
larval olfactory sensilla of the antennomaxillary complex
(Carlson, 1996), and preliminary double-stranded RNA Neuronal Subtype Specificity of bHLH
interference (RNAi) experiments are consistent with this Proneural Genes
(S. E. G. and A. P. J., unpublished data). Additionally, It is increasingly apparent that proneural bHLH factors
the expression of amos in embryonic abdominal and not only confer neural competence for SOP formation
thoracic segments suggests a function in the formation but also endow SOPs with neural subtype information.
of at least one SOP. Evidence from RNAi experiments While expression and loss-of-function analyses show
suggests that this SOP forms the dbd neuron (data not that amos, ato, and the AS-C are required for different
shown), which is AS-C and ato independent (Jarman et subtypes of sense organ, a direct test of the functional
al., 1993). Moreover, Chien and colleagues have also specificity of proneural proteins comes from compari-
isolated amos, and provide strong loss-of-function and son of their capabilities in misexpression assays. Misex-
gain-of-function evidence for its requirement in dbd neu- pression of all proneural genes results in ectopic SOP
ron formation (Huang et al., 2000). The function of these formation, but the subtype of the sense organ depends
embryonic neurons is unknown, but it appears unlikely on both the gene misexpressed and the developmental
from their morphology that they are olfactory. amos context of misexpression (RodrõÂguez et al., 1990; Brand
expression during dbd SOP formation is typically pro- et al., 1993; Jarman et al., 1993; Jarman and Ahmed,
neural: expression begins in a small proneural cluster 1998). In the context of antennal development, misex-
of ectodermal cells and then is rapidly refined to the pression of amos or ato, but not an AS-C gene (Reddy et
dbd SOP in a Notch-dependent process. In contrast,
al., 1997), drives ectopic olfactory sensillum formation.
the pupal antennal expression shows unusual features.
This suggests that the shared features of the amos and
Here, amos is expressed persistently in ectodermal
ato bHLH domains provide functional information impor-bands from which multiple olfactory SOPs arise continu-
tant for olfactory sensillum determination. One of theously. This superficially resembles the persistent ecto-
specific functions ascribed to ato in chordotonal SOPdermal expression of ato during continuous chordotonal
formation is the inhibition of cut, a subtype selectorSOP formation in the leg disc (zur Lage and Jarman,
gene for external sense organs (Jarman and Ahmed,1999). Like the leg chordotonal array, persistent PNC
1998). Olfactory sensilla also do not require cut, andexpression may support continuous olfactory SOP de-
so inhibition of cut expression might be an importanttermination. The persistent ectodermal expression of
conserved function of ato and amos in olfactory SOPamos may also reflect another unusual feature of olfac-
formation (Figure 7C). Another shared function may betory sensillum development: the recruitment of support
the activation of cell recruitment, since amos- and ato-cells by the SOP (or founder cell, Reddy et al., 1997). It
dependent sense organs (olfactory sensilla, chordotonalcan be envisaged that these cells must be recruited
organs, and ommatidia) all require some form of localfrom the amos-expressing bands in order to attain their
cell recruitment in their development. The recruitmentcorrect fate. It is notable that ato expression in coelo-
of cells to an ommatidium and the recruitment of SOPsconic SOP formation is more orthodox in that it proceeds
into chordotonal clusters both require EGFR signaling,from small proneural clusters to single SOPs (Gupta and
perhaps under the direct control of ato (Freeman, 1996;Rodrigues, 1997).
zur Lage et al., 1997; zur Lage and Jarman, 1999; N. M.
White and A. P. J., submitted). It is not yet knownIz as a Prepattern Gene Regulating
whether EGFR is involved in the process of cell recruit-amos Expression
ment by olfactory SOPs (Reddy et al., 1997), but it isWe have demonstrated that one role of lz is to regulate
clearly possible that ato and amos directly control theamos expression, since lz is both necessary for much
recruitment process.of amos's antennal expression pattern and sufficient to
Outside the antenna, misexpressed ato drives ectopicdrive ectopic amos expression. The partial loss of sense
chordotonal organ formation (Jarman et al., 1993). Thisorgans in lz mutants can thus be accounted for by a
functional specificity was found to reside in ato's bHLHcommensurate loss of amos expression. Thus, consis-
tent with the proposal by Gupta and Rodrigues (1998), domain and largely in its basic region (Chien et al.,
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1996). ato's basic region is completely conserved in through differences in level or timing of expression. Sup-
porting the possibility that both lz and amos influenceamos apart from an R to K conservative substitution.
Not surprisingly, therefore, amos can also mimic ato in this fate decision, it is significant that misexpression of
either gene yields some sensilla of intermediate mor-directing chordotonal organ formation when misex-
pressed outside the antenna. Nevertheless, despite phology (Gupta et al., 1998).
To explain the context-dependent subtype specificityamos's ability to mimic ato and their common require-
ment in olfactory sensillum formation, these genes are of proneural proteins, it has been proposed that they
require regionally restricted transcriptional cofactorsnot functionally interchangeable. Differences in their
ability to determine olfactory sensillum subtypes are that directly modulate their specificity (Chien et al., 1996;
Jarman and Ahmed, 1998). No such cofactors are yetinitially suggested by their differing loss-of-function
phenotypes despite their partly overlapping expression known. For Amos, however, Lz could be a candidate
cofactor for the choice between basiconic and trichoiddomains. Also, Gupta and Rodrigues (1997) reported
that ato misexpression in the antenna specifically results sensillum fate. lz expression, however, ceases at 10 hr
APF while amos expression continues for longer, raisingin increased sensillum coeloconica numbers, while
amos increases all sensilla types in our experiments and the possibility that lz functions to activate an unknown
subtype-modulating cofactor in addition to activatingcan rescue the loss of sensilla basiconica in lz mutants.
At the least, this shows that amos can supply some amos.
functional information that ato apparently cannot (i.e.,
basiconic/trichoid fate). Most significantly, only amos Experimental Procedures
misexpression can drive ectopic sensilla of olfactory-
like morphology outside the antenna. Thus, unlike ato, PCR
Degenerate primers were 59-GCYGCYAAYGCHCGYGARMG-39 andamos function in olfactory sensillum formation appears
59-TGRGCCATYTGBARDGTYTC-39, designed to peptide regionsto be able partially to overcome the constraints of devel-
AANARER and ETLQMAQ, respectively. PCR conditions were 30opmental context. Presumably, one or more target
cycles of 558C (1 min), 728C (1 min), and 948C (1 min). PCR products
genes must be differentially regulated by amos and ato. were cloned into pGEM-T and plasmid DNA from nine clones se-
In contrast to these functional differences between quenced. Sequence analysis of these showed the presence of ato,
amos and ato, misexpression of the different genes of cato, and amos. Futher colony hybridization studies suggested that
no other genes were represented among the clones of the PCRthe AS-C produces identical phenotypes of ectopic ex-
product.ternal sense organs (RodrõÂguez et al., 1990; Brand et al.,
1993; Hinz et al., 1994), even though the level of se-
Molecular Analysisquence identity they share in their bHLH domains is
A Drosophila lFIXII genomic library was screened to isolate genomicsimilar to that observed between amos and ato. It will
DNA that flanked the cato bHLH domain. Genomic subclones werebe important to determine whether the sequence basis
then used to screen a lZAP-express embryonic cDNA library. Both
for the functional differences between amos and ato libraries were constructed by N. White (S. E. G., N. M. White, and
resides in the 26% of divergent residues in their bHLH A. P. J., submitted). Two independent cDNAs were isolated for amos.
domains or in other parts of the protein that are not Sequencing of cDNAs and genomic clones was using Big Dye termi-
nator kit (Perkin Elmer). The gene was localized to 36F2±6 by in situconserved with ato. It is notable, however, that most of
hybridization to polytene chromosomes and the presence of thethe amino acid differences between the ato and amos
gene in YACs from this location. For expression analysis, mRNAbHLH domains are conserved in their respective Dro-
was isolated by acidic phenol and purified using the PolyATtract
sophila virilis orthologs, implying functional constraint system III (Promega). Northern blotting was by standard protocols.
(I. Ahmed and A. P. J., unpublished data).
Immunohistochemistry
lz as a Modulator of amos Subtype Specificity Wholemount in situ hybridization was achieved using digoxygenin-
In addition to its role in amos activation and SOP com- labeled RNA probes as described (Tautz and Pfeifle, 1989). Double
labellings were carried out by detecting RNA followed by proteinmitment, lz also influences the choice between basico-
(zur Lage and Jarman, 1999).nic and trichoid fate (Stocker et al., 1993), it being re-
cently proposed that high lz levels are required for
Counting Olfactory Sensillabasiconica fate and low levels for trichodea fate (Gupta
Antennae from adult males were cleared and mounted in Hoyerset al., 1998). One possibility is that amos-dependent
mountant. Sensilla were scored by video projection of a light micro-SOPs are competent to form basiconica or trichodea,
scope image and marking on an overlying acetate sheet. In eachdepending on the level of lz to which they are exposed.
experiment, from three to six antennae were scored and the results
In the absence of lz, remaining amos-dependent SOPs presented as mean and standard error.
assume a ªbasalº trichoid fate. High levels of lz modify
the specificity of amos so that SOPs take on the alterna-
Fly Stocks
tive basiconic fate. Thus, lz requirement in sensillum All deficiencies and lz mutations were from the Bloomington or
trichodea formation would be at the level of amos activa- Umea stock centers. Deficiencies used to remove amos function were
Df(2L)M36F-S5 (breakpoints, 36D1-3;36F7-11) and Df(2L)M36F-S6tion, whereas for sensilla basiconica lz is required not
(breakpoints, 36F2-6;36F2-6). Deletion of amos was confirmed byonly to activate amos but also to modulate its subtype-
loss of amos DNA and RNA from homozygous embryos. Gal4OK384determining properties. This might explain why amos
and hs-lz stocks were obtained from C. O'Kane and U. Banerjee,misexpression could not completely bypass the need
respectively. For UAS-amos, the amos ORF was cloned into pUAST
for lz in the formation of sensilla basiconica. However, and transformant flies produced by microinjection. Lines of varying
the fact that some rescue was observed suggests amos expression level were obtained, and most of the experiments de-
scribed here were using a strongly expressing line.itself also influences this decision directly, perhaps
Neuron
78
Misexpression Hinz, U., Giebel, B., and CamposOrtega, J.A. (1994). The basic-helix-
loop-helix domain of Drosophila lethal of scute protein is sufficientCrosses were performed at 258C. For experiments with hsGal4, heat-
for proneural function and activates neurogenic genes. Cell 76,shocks were performed on 0±4 hr APF pupae for 20 min at 398C.
77±87.For hs-lz, 0±4 hr APF pupae were heatshocked for 30 min at 398C
and then allowed to recover at 258C for 1 hr before being dissected Huang, M-L., Hsu, C-H., and Chien, C-T. (2000). The proneural gene
for in situ hybridization. amos promotes multiple dendritic neuron formation in the Drosoph-
ila peripheral nervous system. Neuron, this issue, 57±67.
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